Wyoming. 2 In addition to the bison metacarpal, 19% of 1,002 125 ka to 8 ka BP bovid specimens 3 and 52% of 113 38 ka to 10 ka BP mastodon bones 4 had similar lesions indicative of tuberculosis. Bone lesions cannot be considered as complete proof of tuberculosis diagnosis, but the dearth of comparable lesions in bones from H. sapiens, over the same time period, is very striking. To resolve this conundrum it has been proposed 2 that Mycobacterium tuberculosis may have been principally an animal disease during its early evolution, with transmission to humans occurring later.
The use of amplified DNA sequences to diagnose tuberculosis in archaeological material has been developed during the past two decades. 5 Major advances in determining full genomic data have been recently provided by the application of so-called "Next Generation Sequencing" 6 and the more direct "Metagenomic" approach. 7 Informative genomic data have been obtained for specimens stretching back to 9 ka in H. sapiens 1 The most diagnostic lipids have been mycolic, mycocerosic and mycolipenic acids and members of the phthiocerol family. 1,2,5 These, and a range of other lipids, are vital components in the integrity of the cell envelopes of the tubercle bacillus and related taxa. 8 Their distribution, however, is discontinuous and changes in lipid composition and structure may well be important factors in the evolution of effective pathogenic species. The aim of this paper is to outline a rational scenario for the evolution of the current M. tuberculosis complex from possible environmental candidates. The speculative focus will be on correlating changes in cell envelope lipid composition with developing pathogenicity, taking into account the suitability of particular animal 2.
An environmental opportunist to a perfect pathogen?
The challenge is to chart a pathway from ancestral environmental freelycirculating mycobacterial species to M. tuberculosis sensu stricto, an obligate pathogen with no environmental niche. Currently favoured hypotheses all point to an evolutionary bottle-neck, initiated around 35 ka BP. 9, 10 Subsequent to this time period, the evolution of a range of particular clades follows an almost linear clonar evolutionary pattern, with key deletions leading to the well-defined modern M.
tuberculosis complex (MTBC) causing tuberculosis in humans and various animals.
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There is increasing evidence that, before reaching the discontinuity of the 21 In developing a coherent evolutionary route, the 
3.
Does lipid evolution parallel M. tuberculosis evolution?
Mycolic acids
Possibly the most deep-lying fundamental differences between the lipids from kansasii and the majority of mycobacteria have principally 22-carbon side chains. 8, 19 In addition, the MTBC α-mycolates show a significant shortening of the size of the chain between carbon-3 and the proximal cyclopropane (17 → 13 carbons) and the lengthening of the terminal chain (18 → 20 carbons) beyond the distal cyclopropane unit, as compared with M. kansasii ( Figure 1A ). 19 The methoxymycolates and ketomycolates of "M. canettii" and M. tuberculosis ( Figure 1A ) conform to the general pattern of these components in related mycobacteria, such as M. kansasii, but, significantly, these oxygenated mycolates are slightly larger than any others. 19 The balance of the three main types of mycolates is possibly significant; the ratios of the α-, methoxy-and ketomycolates are, respectively, ~10:5:8 for M. are four detailed structural varieties of each giving a heterogeneous mixture of eight distinct α-mycolates. 19 In contrast, the four α-mycolates from "M. canettii" and M.
tuberculosis are all very uniform, the two major C 78 and C 80 components being accompanied by minor C 82 and C 84 mycolates. 19 It is particularly notable that the central (14-carbon) and distal (20-carbon) meromycolate chains are invariable in the α-mycolates from "M. canettii" and M. tuberculosis ( Figure 1A ). 19 2 ) that comprise the outer leaflet. 8 Physical studies indicate that ketomycolates appear to have a prime structural role in adopting tightly folded conformations to produce a solid foundation. 22 It is not surprising, therefore, that there is minimal variation in the general structure of ketomycolates between, for example, M. kansasii and MTBC ( Figure 1A ). In contrast, the structurally different α-mycolates from M.
kansasii and MTBC ( Figure 1A ) behave quite distinctly in monolayer studies. 22 As noted above α-mycolates constitute half of the overall mycolates in M. tuberculosis, reinforcing the possibility of important modifications in cell envelope interactions with a special range of free lipids (Figures 1 and 2 ).
Dimycocerosates of the phthiocerol family and glycosyl phenolphthiocerols
The phthiocerol dimycocerosate (PDIM) waxes are important tuberculosis kansasii PDIM waxes is comparable with that of the M. tuberculosis complex. 23 The glycosyl phenolphthiocerol dimycocerosates, the so-called "phenolic glycolipids" (PGLs) (Figure 1C) , are related to the PDIMs ( Figure 1B) . 8, 23 The PGLs from "M. canettii" comprise a 2-O-methyl rhamnosyl PGL and an extended triglycosyl PGL; interestingly, the main PGL produced by M. kansasii is extended further by an additional sugar ( Figure 1C) . 8, 23 This close structural similarity in PGLs has been highlighted in schemes suggesting an evolutionary progression from M.
kansasii to "M. canettii". 21 The PGLs from M. kansasii do include a methoxylated phenolphthiocerol component ( Figure 1C ), in contrast to the situation for the PDIM waxes ( Figure 1B ). 23 The 2-O-methyl rhamnosyl PGL is also characteristic of modern ecotypes, such as M. bovis, M. africanum and some so-called "Beijing" lineages of M. tuberculosis 24 ( Figure 1C ). However, PGLs are not present in a large clade of modern TB lineages due to a decisive pks 15/1 gene frameshift. 25 
Glycolipids based on trehalose
In addition to PGLs, M. kansasii and "M. canettii" are characterised by the production of a range of highly polar antigenic lipooligosaccharides (LOSs) ( Figure   2A , B). 26 The main M. kansasii LOS (Figure 2A ) has an acylated thirteen sugar oligosaccharide, based on trehalose, but that from "M. canettii" is refined down to an unrelated acyl trehalose nonasaccharide ( Figure 2B ). It has been clearly demonstrated, for M. marinum and M. kansasii, that these relatively hydrophilic LOSs promote biofilm formation and motility. 27 These characteristics may have a useful survival role for free-living organisms and HGTs may be facilitated by such behaviour. However, once an opportunist Mycobacterium had evolved into an obligate parasite, the M A N U S C R I P T
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8 transmissible obligate pathogen. This may be as significant a change as the pks 15/1 gene frameshift that resulted in the loss of PGLs. 25 The diacyl trehaloses (DATs) and pentaacyl trehaloses (PATs) are two glycolipid classes also based on a trehalose scaffold ( Figure 2C ). and C 27 3-hydroxy 2,4,6-trimethyl tetracosanoic ("mycolipanolic") (Figure 2Ca' ). 8 The related characteristic main fatty acid in PATs is C 27 2,4,6-trimethyl tetracos-2-enoic ("mycolipenic") acid (Figure 2Cb ). 8, 18 It is very significant that the absolute stereochemistry of the methyl-branched centres in all these acids ( Figure 2C 
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The apparent structural change in PGLs from M. kansasii to "M. canettii" has been advanced previously as evidence of a close evolutionary linking of these taxa. 21 The principal M. kansasii PGL is truncated by both one and three sugars to produce comparable proportions of triglycosyl and monoglycosyl PGLs in "M. canettii".
Modern post-bottleneck MTBC biotypes fall into two distinct categories, with respect to PGL production; monoglycosyl PGLs are retained in M. africanum, M. bovis and the M. tuberculosis "Beijing" and related clades, but a major group of modern M.
tuberculosis lineages have lost the ability to produce PGLs. 25 M. kansasii and "M.
canettii" both produce a range of highly polar LOSs, 26 associated with aquatic environments, motility and biofilms; modern MTBC organisms lack these lipids.
LOSs are based on acylated trehaloses (Figure 2A 
